Abstract. The development of new multifunctional textiles containing nanoparticles (NPs) has a special interest in several applications for pharmaceutical and medical products. Cu, Zn and Ag are the most promising antimicrobial NPs, exhibiting strong antibacterial activities. However, most of antimicrobial textiles coated with NPs are not able to perform a controlled release of NPs because of the high degree of aggregation. The aim of this study is to assess the effect of NPs stabilizers such as citrate, alginate and polyvinyl alcohol (PVA) in Cu, Zn and Ag NPs dispersions. The obtained dispersions were used to develop a new class of antibacterial NPs coatings onto polyamide 6,6 (PA66) and polyester fabrics (PES) by Double Dielectric Barrier (DBD) plasma discharge. Dynamic light scattering (DLS) was used to evaluate the best dispersing agent in terms of size, polydispersity index and zeta potential. Coating efficiency was evaluated by SEM, XPS and FTIR. The washing fastness of the coatings developed was also tested. The results show that the best dispersions were obtained using 2.5% of citrate for ZnO, 5% Alginate for Cu and 2.5% alginate for Ag NPs. SEM, XPS and FTIR analysis shows that DBD is an efficient deposition technique only for Ag and Cu NPs and that better perform in PA66 than PES fabric. The DBD deposition in air display similar results in term of NPS deposition of usually more efficient plasma jets using carrier gas such as N2 and Ar.
Introduction
Medical textiles are used in a range of applications from bandages, dressings, suture and surgical clothing to implants such as scaffolds, stents and meshes. [1] Infections associated with these devices are responsible for at least 2-7% of post-operational complications increasing mortality and healthcare costs. [2] The typical strategies to prevent hospital-acquired infections rely either on inhibiting adhesion or on releasing biocidal compounds incorporated via novel physical and/or chemical methods. [3, 4] However, the increasing concern in the widespread use of biocides that might lead to bacterial resistance, has necessitated the development of new strategies. [5] believed to be the main reason for their antibacterial activity. [6] Recently, NPs as antimicrobial agents have increasingly been used in textile research due to their unique large surface-to-volume ratio, physicochemical properties and biological multi-target mechanism of action, [7] which may differ significantly from bulk material. [8] In order to suppress the potential hazard influence of the NPs on human bodies, it is important to fabricate antibacterial surfaces that firmly loading NPs and with precise local release of antibacterial ions. [9] One on the most important issue in the coating of metal or metal oxide NPs is their agglomeration in solution due to their high surface energy. [10] Stabilized NPs suspensions have been studied in regards of particle size, impurities, surfactants, polymers and capping ligands. Stabilizer such as starch, chitosan, alginate or citrate showed biocompatibility, low cost and environmental risks. [11, 12] One of most promising technologies for deposition of nanocomposite coating on industrial scale is the plasma-assisted polymerization and sputtering. [13, 14] However, these techniques have several limitations such as samples size, limited electrodes spacing, batch operation, low deposition rate and expensive vacuum systems that limit their application in textiles. [15] Atmospheric pressure plasma is an alternative and cost-competitive method to low-pressure plasma and wet chemical treatments, allowing continuous and uniform processing of fibres surfaces. [16] DBD is among the most effective cold atmospheric plasma sources [17] and have been attracting increasing interest for both surface activation and deposition of thin functional coatings. [18] In this project a new method for NPs DBD atmospheric plasma deposition in air using polyamide 6,6 and polyester fabrics as substrate was developed. The antimicrobial effect was provided by Cu, ZnO and Ag NPs stable dispersions using different stabilizers such as citrate, alginate and polyvinyl alcohol (PVA) were deposited on the fabrics and their antimicrobial efficiency assessed. The effect of DBD plasma developed in this work was also compared in term of deposition efficiency with two different atmospheric plasma jets configurations using carrier gases (N2 and Ar).
Materials and Methods

Materials
Commercial pre-washed pure PA66 (warp 40, weft 18 threads cm -1 , areal density of 135 g m -2 ) and PES (warp 56, weft 30 threads cm -1 , areal density of 100 g m -2 ) woven fabrics were used in this study. All the other reagents were purchased from Sigma-Aldrich, St. Louis, MO, USA.
Atmospheric DBD Plasma in air
DBD plasma treatment was performed in a semi-industrial prototype (Softal GmbH/University of Minho) working at RT and atmospheric pressure in air, using a metal electrode coated with ceramic and counter electrodes coated with silicon with a gap distance fixed at 3 mm and producing the discharge at high voltage 10 kV and low frequency 40 kHz. The optimized fixed parameters of 1 kW of power and velocity of 5 m min 
Atmospheric DC plasma jet in N2
AgNPs were deposited using an atmospheric pressure direct current (DC) plasma jet using N2 as carrier gas. The plasma is generated between a pin and a mesh electrode placed in a quartz tube. The plasma was generated with a fixed power at 22.5 W and a total flow rate at 8 standard liter per minute (SLM). The substrate was placed at 10 mm from the nozzle, where the gas temperature is 37 ºC.
Atmospheric RF DBE plasma jet in Ar
DBE plasma coaxial design consists in a central hollow metallic RF electrode, surrounded by an internal ceramic insulator and an external grounded metallic electrode envelope. The Ar flowed (2500 sccm) along the gap delimited between the central electrode and the ceramic insulator. In the hollow electrode, a mixture of Ar, HDMSO and NPs was atomized (900 sccm). The discharge is generated in the space between the central electrode and the nozzle using a 13.56 MHz (15 W) RF power supply. 
Preparation and application of NPs dispersions
Ag, Cu or ZnO NPs water dispersions (10gmL -1 ) were prepared using alginate, citrate and PVA in different concentrations (1, 2.5 and 5 %wt) in a ultrasonic bath for 30 min followed by an ultrasonic tip for more 30 min. Fabric samples (10x10 cm) were immerged in the NPs suspension at RT with magnetic agitation and ultrasonic tip at 80% of intensity for 5 min. For DC plasma jet the coating was by dipping. For DBE plasma jet the deposition of NPs was performed directly in the plasma jet.
Dynamic light scattering (DLS) analysis
The NPs size distribution, polydispersity index and zeta potential were measured by dynamic light scattering (DLS) and electrophoretic light scattering (ELS) using a Zeta Sizer-Nano (Malvern Instruments). Data was collected after 30 scans at a constant temperature of 25 ± 1ºC. Zeta potentials were measured in solution at a moderate electrolytic concentration.
Fourier transform infrared spectroscopy (FTIR)
A Nicolet Avatar 360 FTIR spectrophotometer (Madison, USA) with an attenuated total reflectance accessory (ATR) was used to record the IR spectra of the fabric samples. The spectra were collected in the region of 4000-650 cm −1 and at a resolution of 4 cm −1 with 45 scans at room temperature. 
Scanning electron microscopy (SEM)
SEM
X-ray photoelectron spectroscopy (XPS)
Samples were excited with X-rays over a 400 µm spot area with a monochromatic Al Kα1,2 radiation at 1486.6 eV in a TFA-XPS Physical Electronics (Chanhassen, USA). The photoelectrons were detected with a hemispherical analyzer at an angle of 45° with respect to the normal to the sample surface. Survey-scan spectra were made at pass energy of 187.85 eV with a 0.4 eV energy step.
Washing fastness
The washing fastness was evaluated after performing 5 washing cycles according to EN ISO 15797 in a laboratory-dyeing machine (Haiba) at 75, 40 rpm, for 15 min with 0,1gL -1 nonionic surfactant, in liquor bath ration 1:30.
Results and Discussion
To solve the instability and aggregation problems of Ag, Cu and ZnO NPs suspensions (10 ppm) of citrate, alginate and PVA using water and ethanol as control were prepared in different concentrations (1, 2.5 and 5 wt%) using an ultrasonic bath. Table 1 shows the best results obtained for each NP compared to water as control. Ethanol and PVA were disregarded due to the highest instability and lowest ζ potential, respectively. Zeta potential (ζ) is the measure of the electrical potential at the interface between the moving and the stationary solvent layers around colloidal particles and it provides useful information about NPs stability and their ability to interact with a substrate [19] . A suspension that exhibits a ζ potential less than ± 30 mV is considered unstable and will result in rapid NPs deposition or aggregation [20] . Table  1 shows that all the used NPs possess a high negative ζ potential when a stabilizer is considered instead of water. With the only case of Cu all the other NPs display lower size and polydispersivity (PDI) in presence of the used stabilizers. Despite the higher ζ potential, Cu NPs increase in size and PDI probably due to their instability in an oxidative environment and because ζ potential of colloid particles also depends on the ionic strength and dielectric constant of the medium [21] . The SEM images (Figure 1 ) of the deposited NPs in plasma treated PA66 and PES show a good widespread load of NPs at the expected size but a high aggregation and a not uniform distribution as previously observed at this low NPs concentration (10 ppm) [22] . The stabilized NPs tend to aggregate in clusters on the surface of the DBD-treated PA66 fibers due to the chemical changes on surfaces induced by plasma treatment [23] . All the NPs deposited on the PA66 fabrics (Figure 1 a, c, e) display a higher load than PES fabrics (Figure 1 b, d, f) . In the case of ZnO NPs the deposition efficiency is very low in PA66 and almost none in PES fabric. This behavior is probably caused by the similar charges of the metal oxide NPs with the oxygen species on the fabric surface. Usually, to immobilize ZnO in a plasma oxidized surface, it is necessary to provide zinc in the ionic form. In this fashion, Zn 2+ is able to interact with the negative charges onto the fabric surface and thus creating the oxidized form ZnO. [24] After 5 washing cycles at 75 ºC some Ag and Cu NPs are still detected onto the surface of both PA66 and PES. However, no ZnO NPs can be detected in the SEM analysis (data not shown). is attributed to the bending of O=C-N group [26] . The shoulder at 720 cm −1 is attributed to the in-plane N-H deformation vibration of the hydrogen-bonded secondary amide. Compared to the untreated sample the plasma treatment did not introduce new peaks but displays a significant increase in the intensity of the C=O stretching band as well as of the bending band of the O=C-N group. This may be an indication of plasma-promoted oxygen addition on the fiber surface. The addition of NPs onto the fabrics surface after plasma treatment shows the appearance of low-intensity peaks in the range between 1700-1750 cm −1 and 3500-4000 cm −1 attributed to carboxylic acids (-COOH) and hydroxyl groups (-OH), respectively. [27] These peaks suggest the interaction of NPs in their oxidized form with the plasma-produced oxygen species onto the PA66 surface. The XPS analysis confirms the plasma modification on the fabrics. It is clear that the plasma treatment is able to increase the concentration of polar groups near the surface of the fabric mainly by the incorporation of oxygen atoms from atmospheric air. Figure 2 -a shows the deconvolution of the C1s core level of the plasma treated PES. The peak at 284.6 and 285.6 eV can be attributed to aliphatic carbon atoms of the PES structure (-CH2-CH2-) and the peak at 286.6 eV represents the carbon atoms neighboring the single bonded oxygen (-C-O-) and that of at 288.7eV is assigned to the carboxylic groups (O=C-O-) [28] . Compared to the untreated sample the results indicate that DBD treatment led to a significant increase in the content of C=O and O-C=O groups on the surface of PES [29] . Similar results were obtained for PA66 (data not shown). After the Cu NPs deposition, the C1s deconvolution shows the presence of a new peaks at 289.6 eV (Figure 2-b) . This peak could be attribute to the interaction of the oxidized form of Cu with the plasma-induced oxygen species onto the PES surface. This energetic peak is usually associate to the presence of carboxylic group not influenced by the mesomeric effect induced by the benzene ring in PES [30] . In order to assess the efficacy of the DBD plasma treatment, two different plasma jet techniques were performed and compared to the DBD in term of deposited NPs by SEM analysis. A DC plasma jet using N2 as carrier gas and a RF DBE plasma jet using Ar as carrier gas were used to modify a PES fabric and deposit Ag NPs onto its surface (Figure 3 ). For similar NPs concentrations, the DC plasma jet using N2 shows similar results including a high degree of NPs aggregation (Figure 3-A) while, the RF plasma jet using Ar display a widespread distribution and higher concentration of NPs onto the fabric surface. Overall, the DBD plasma technique showed comparable results despite the absence of a carrier gas and the used lower energies. 
Conclusion
The NPs were successfully stabilized improving their deposition onto PA66 and PES fabric surfaces. However, despite the improving in ζ potentials the obtained NPs still show a moderate degree of aggregation. FTIR, XPS and SEM confirm plasma modification on the fabric as well as the successful deposition of Ag and Cu NPs. ZnO NPs show very low deposition efficiency due to the ionic repulsive interactions with the oxygen species on the DBD plasma treated surface. The comparison of the DBD plasma with two different atmospheric plasma jets using N2 and Ar as carrier gases showed similar deposition efficacy despite the RF DBE jet plasma using Ar presents higher load and uniform NPs distribution. Preliminary, antimicrobial tests in PES (data not shown) show that all the NPs have an antimicrobial effect but Cu and Zn show activity only in S. aureus and Ag only in E.coli. Overall, the DBD atmospheric plasma treatment in air allows high level of NPs deposition and fixation on PA66 and PES fibers at lower temperatures and processing times, without the need of a carrier gas. 
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